Reitz,6 the corrosion process releases tin ions from the -y2(Sn8Hg) phase, which then react with nonmetallic ions in saliva to produce tin salts.
Wei and Ingram7 used the electron microprobe to analyze the tooth-amalgam interface of several clinical specimens. The analyses showed high concentrations of tin in the corrosion products and migration of tin into dentin and enamel. Mateer and Reitz6 reported a layerlike corrosion product at the tooth-restoration interface, which suggested that the compounds formed gradually by reaction of the amalgam and oral fluids. Their X-ray diffraction analyses of bulk surface scrapings showed Sn2S3 and 8SnO2 as the corrosion products.
The purpose of this investigation was to evaluate some effects on the constituent phases of amalgam induced by corrosion. "Aged" amalgam restorations were analyzed qualitatively using the scanning electron microscope, the metallographic microscope, and the electron microprobe for elemental analyses.
Materials and Methods
SELECTION OF AMALGAM SPECIMENS.-Twelve permanent posterior teeth containing aged amalgam restorations were selected for study. The term "aged" refers to restorations that had been in service for unknown lengths of time with varying degrees of deterioration. The restorations varied in degree of marginal breakdown, surface characteristics, and number of tooth surfaces covered.
SCANNING ELECTRON MICROSCOPE (SEM) EX-AMINATION AND X-RAY ANALYSES OF CORROSION PRODUCTS ALONG THE TOOTH-AMALGAM INTER-
FACE.-Areas of the occlusal surface and paticularly the enamel-amalgam interfaces were examined with the SEM.A A potential aJSM-U3, JEOL, Japan Electron Optics Laboratory Co., Ltd., Bedford, Mass. of 20 kv was used for all scans; the beam current was adjusted for each area analyzed to produce high resolution secondary electron images. An energy dispersive (discriminating) spectrometer system attached to the SEM was used to determine the elemental composition of bulk corrosion products of specimens at the tooth-amalgam interface. The potential of the SEM-detector system was maintained at 15 kv for all analyses; the beam current was adjusted for each area analyzed to deliver a count rate of 800 counts per second. Two hundred second count times were used for all analyses.
METALLOGRAPHIC face showed a build up of a discontinuous mass, with a "mud-flake" appearance, in each of the specimens. This corrosion layer was observed along the entire occlusal interface of all restorations. The terms "corrosion layer" and "corrosion mass" will be used hereafter to describe the discontinuous mass at the tooth restoration interface. Although measurements were not made, considerable variations in thickness of the corrosion layer were observeed between specimens and between areas within the same specimen.
'MICROSCOPIC EXAMINATION OF POLISHED CROSS-SECTIONS.-IMicroscopic examinations of the unetched, polished cross-sections showed that the corrosion process had not been confined to the superficial structure of the restorations. There distinct structures, not typically observed in noncorroded amalgam, were observed consistently throughout the bulk in 14 of 15 restorations (Fig 2) . In addition, corrosion products were evident as layers along the occlusal surface (Fig 3) and along the tooth-amalgam interface (Fig 4,  left) of some specimens. The microstructure of one specimen seemed relatively typical of a freshly prepared, unetched amalgam (Fig  4, right) . However, the 72 phase in this specimen was more evident than that which can be observed in freshly prepared, unetched specimens. (Fig 6, right) . The distribution of the bluegray phase followed a more consistent pattern than did that of the dark-gray phase. Microscopic cracks within the amalgam structure tended to collect an amorphous material that had a similar appearance microscopically to that of the darkrgray phase ( Fig   3) .
X-RAY ANALYSIS OF INTERFACIAL CORROSION
A.~~.. PRODUCTS. Figure 7 is a secondary electron image of a cross-sectioned restoration that shows the SEAT appearance of interfacial corrosion products typical of the three specimens analyzed. The crazed character of the corrosion layer, as was observed in images of the enamel-amalgam interface on the occlusal surface, was also evident in images of the cavity surfaces of the restorations.
Tile results of the X-ray analyses of the corrosion layer varied somewhat, but a definite pattern of elemental distribution was evident. The bar graphs in Figure 8 illustrate the X-ray spectrum displays for repre- from the mounting stubs that were of an aluminum alloys Phosphorus (P), sulfur (S), and chlorine (Cl) were identified in most of the areas of the corrosion layers analyzed. Chlorine was present in three of eight areas of the cross-sectioned amalgam surfaces. The Cl concentration in these areas was higher than in comparable areas of the interfaces. The relative concentration of tin (Sn) was higher in the corrosion layers than in the cross-sectioned surfaces. Conversely, the concentration of silver (Ag) was higher within the amalgam than in the corrosion layers. Although mercury (Hg) was identified in all areas of the cross-sectioned amalgams, its relative concentration varied among samples. Mercury could not be identified in the corrosion layer of any specimen. Copper (Cu) and zinc (Zn) were present in at least one area of each specimen within the corroded interface. Copper, but not Zn, produced an 24 0 2.00 4.00 6,00
8.00
to. c Typical X-ray data from analyses of the dark-gray phase and an adjacent matrix area are presented in Figure 9 in the form of bar graphs. Of particular interest was the presence of P, S, and C1 not only in the darkgray phase but also in the surrounding matrix in areas of some samples. However ing the dark-gray phase are presented in Figure 10 . The X-ray images demonstrate the association of Sn and Cl throughout the dark-gray particles. Mercury and Ag concentrations were considerably lower in the dark-gray phase when compared to the surrounding matrix. No pattern was noted for the distribution of Cu and Zn. Figure 11 illustrates typical X-ray spectrum displays from the blue-gray phase (top graph) and the matrix surrounding the blue-gray phase (bottom graph) in the form of bar graphs. The blue-gray phase showed a high concentration of Sn relative to other elements present. On the other hand, the surrounding matrix showed a spectrum rather typical of amalgam except for occasional traces of P, S, and Cl. Figure 12 shows the secondary electron image and Xray images for Sn, Hg, Ag, and Cu from a large blue-gray crystal. Note the predominance of Sn within the particle, the distribution of Ag and Hg in the surrounding matrix, and the traces of Cu scattered throughout the area.
The microprobe analysis of the white phase observed microscopically confirmed its identity as the 72 (Sn8Hg) phase.
Analyses of the amorphous material observed within microscopic cracks of some specimens produced high counts for the Snand C1 X-ray lines. Relatively low counts for Ag and Hg were recorded from these areas.
Discussion
Previous studies of the corrosion of dental amalgam have dealt primarily with the electrochemical behavior of amalgam and its constituent phases in controlled environments. Three reports,5-7 however, were identified in the dental literature that dealt with the qualitative effects of clinical corrosion on amalgam restorations. In these studies of extracted teeth, clinical histories were not known. It should be indicated again that the same condition applies to the aged restorations examined in this investigation. However, it is believed that the results of this investigation provide a basis for future studies of the clinical effects of corrosion in which manipulative variables and conditions of placement of the amalgam can be controlled.
The SEM appearance of the amalgam surface and enamel-amalgam interface can be attributed, in part, to the corrosion process. The pitting of the amalgam surface could be the result of leaching out of the corroded Y2 phase. Porosities can be attributed to incomplete wetting of amalgam powder with Hg during trituration and to inadequate condensation and finishing of the restorations.
The association of microscopic cracks with porosities is in agreement with the pattern of crack propagation described by Asgar and Sutfin.10 In some areas, the cracks were associated with unsupported amalgam along the cavity walls. Portions of the unsupported amalgam seemed to be the result of washed out interfacial corrosion products rather than a deflection of the amalgam margin away from the cavity wall as suggested by Jorgensen.5 Both mechanisms could be responsible for the marginal ditch in areas of high stress, and either would predispose the amalgam to fracture.
The build up of a corrosion mass at the tooth-amalgam interface and in macroscopic fractures, as shown by the SEM, suggests a dissolution of the amalgam surface. Results of the EM analyses of corrosion products in these areas provide further evidence to this effect. Furthermore, these results support previous observations of Sn migration from the amalgam to the tooth-amalgam inter- face7 and to the surface of the restorations in keeping with the theory of selective attack of the 72 phase advanced by Jorgensen. 5 The presence of C1, S, and P in the interfacial corrosion layer reported in this study seems in disagreement with the X-ray diffraction results reported by Mateer It is possible that other nonmetals such as oxygen were present in the corroded phases but were not detected. With the analytical system used in this study, light elements such as those that exist as gases in their pure form, emit X-rays of such low photon energy that the X-rays do not reach the detector of the microprobe.9'l3 Conclusions Within limits of the experimental conditions presented, these conclusions can be made from this investigation: The corrosion process is not confined to the superficial structures of dental amalgam, but rather penetrates throughout the amalgam mass.
The 72 phase is attacked selectively by the corrosion process yielding Sn ions that can react with nonmetallic ions present in saliva.
Sn released from the 72 phase by the corrosion process can migrate to areas within the amalgam that are continuous with the oral environment, such as microscopic cracks, the amalgam surfaces, and the tooth-amalgam interface. In these areas higher chemical activity can occur. The corrosion process yields at least two distinct new phases within the amalgam structure-a dark-gray phase consisting primarily of Sn and Cl and a bluegray phase consisting primarily of Sn. The corrosion process yields a corrosion layer at the tooth-amalgam interface consisting of Sn, S, P. and C1. A controlled study of the clinical effects of corrosion on the constituent phases of dental amalgam is encouraged.
